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CHELATOR-FUNCTIONALIZED
GLYCOSAMINOGLYCANS

CLAIM OF PRIORITY

This application claims priority under 35 U.S.C. § 119(e)
to U.S. Provisional Application Ser. No. 62/765,4°79, filed on
Aug. 27, 2018, and U.S. Provisional Application Ser. No.
62/921,981 enftitled “Dimercaprol Functionalized Gly-
cosaminoglycans: Cytocompatible, Synovial Fluid Mimick-
ing Polymeric Systems that Chelate Cobalt, Nickel, and
Chromium”, filed on Jul. 17, 2019, the entire contents of
cach of which are hereby incorporated by reference.

TECHNICAL FIELD

This document relates to compositions and methods for
chelation therapy. More specifically, this document relates to
compounds comprising glycosaminoglycans and chelators.

BACKGROUND

Millions of patients worldwide have metal implants, such
as metal-on-metal (MoM) or metal-on-polyethylene (MoP)
implants that, unfortunately, are failing due to the signifi-
cantly increased generation of heavy metal 1ons, including
cobalt, nickel, and chromium 10ns. These implants” unique
wear causes adverse ellects 1n patients, and one of the worst
pathologies 1s metallosis which 1s characterized by localized
aseptic fibrosis, necrosis, bone deterioration, implant loos-
ening, and extreme pain, 1n addition to neurological damage,
carcinogenesis, and mortality. Currently, revision surgeries
are required to remove the metal implants, but these proce-
dures are highly invasive, paintul, pose substantial risk to
the patient, costly, and may not be feasible due to patient
comorbidities.

SUMMARY

The compounds and therapeutic compositions described
herein include materials for chelation therapy, such as to
treat or prevent metallosis 1n humans. The compounds, also
referred to as “chelating compounds”, comprise a polysac-
charide moiety covalently bound to one or more chelating
agents. In some implementations, dimercaprol (British anti-
Lewisite, or BAL) 1s covalently attached to hyaluronic acid
(HA) polymers. The resulting polymeric chelator (BAL-
HA) chelates metals in therapeutically relevant concentra-
tions. Other chelators include, but are not limited to, ethyl-
ene diamine tetra-acetic acid (EDTA), N-acetyl-cysteine
(NAC), D-penicillamine, 1.4,7-triazacyclononanetriacetic
acid (NOTA), 1.,4,7,10-tetraazacyclododecane-1.,4,7,10-tet-
raacetic acid (DOTA), 1.4,7-triazacyclononane-1-glutaric
acid-4,7-diacetic acid (NODAGA), diethylene triaminepen-
taacetic acid (DTPA), cyclohexyl-1,2-diaminetetraacetic
acid (CDTA), ethyleneglycol-O,0'-bis(2-aminoethyl)-N,N,
N'.N'-tetraacetic acid (EGTA), N,N-bis (hydroxybenzyl)-
cthylenediamine-N,N'-diacetic acid (HBED), triethylene
tetramine hexaacetic acid (T'THA), hydroxyethyidiamine
triacetic acid (HEDTA), 1,4,8,11-tetraazacyclotetradecane-
N,N'", N" N"'-tetraacetic acid (TETA), and 1,4,7,10-tetraaza-
1,4,7,10-tetra-(2-carbamoyl methyl)-cyclododecane
(TCMC). Polysaccharide moieties include glycosaminogly-
cans, including but not limited to hyaluronic acid polymers
and sulfated glycosaminoglycan moieties (e.g. chondroitin
sulfate (CS)), and other polysaccharides including, for
example, glycogen, chitin, and cellulose.
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2

The compounds described 1n this document are useful to
treat or prevent diseases or disorders including, without
limitation, diseases and disorders associated with abnor-
mally high levels of metal 1n patients, or otherwise remove
metal 1on particles or debris from a site of treatment (e.g., a
joint space, a non-joint space, etc.). For example, the chelat-
ing compound can be used to treat metallosis, allergies
(including metal hypersensitivity), heavy metal poisoning,
hard metal pneumoconiosis (occupational exposure), vine-
yard sprayers lung (occupational exposure), soit tissue
inflammatory reactions, chronic intflammation, pseudotu-
mors, aseptic lymphocytic vasculitis associated-lesion (AL-
VAL), bursae, adverse reactions to metal debris (ARMD),
implant loosening, osteolysis, and metabolic conditions
associated with undesired levels of metals (including Wil-
son’s disease, haemosiderosis, and haemochromatosis).

The implementations described herein can provide vari-
ous benefits. For instance, the compounds and methods
described herein permit treatment or prevention ol diseases
and disorders associated with undesired levels of metal 1n a
patient including, without limitation, metallosis. For
example, 1n some treatments, the chelating compound can
reduce eflects of metallosis resulting from degradation of
metal implants, such as metal-on-metal (MoM) or metal-
on-polyethylene (MoP) implants. In some examples, the
chelating compounds are useful to remove or reduce the
level of metal 1n the body that has been introduced 1n some
other way. The chelating compounds with attached metal
can then be removed from the treatment site (e.g., by
flushing). In other examples, the chelating compounds with
attached metal are resorbed and then safely processed by the
body.

In some implementations, the treatment site can 1iclude a
joint space, such as an articulating joint space, a non-
articulating joint space, a synovial joint space, or a non-
synovial joint space. For example, 1n some implementations
the chelating compound can be used for orthopedic treat-
ments. For example, the chelating compound can be admin-
istered 1nto an intra-articular space (e.g., 1n a hip joint, knee
jomt, spine, ankle, etc.) to remove metal from the intra-
articular space. In some examples, the chelating compounds
with attached metal can be flushed away or otherwise
removed after a period of time period to allow for chelation
in patients with metallosis.

In some implementations, the treatment site can 1include a
non-joint space, or a space 1n which no joint is present. For
example, the treatment site can include a blood vessel, a
heart, a spinal canal, an epidural space, a subcutanecous
space, a ventricular space, a uterus, a portion of an alimen-
tary canal, an intraosseous space, a brain, and so forth.

In an aspect, more than 2.9 million joint replacement
procedures are conducted annually to alleviate pain and
restore physiological movement 1n patients suflering from
disease, age, and injury related traumas. Joint replacement
entails either the partial or whole removal of a dysfunctional
joint that 1s replaced by a non-resorbable prosthetic implant.
Prostheses are most commonly composed of metal alloys
containing titanium, molybdenum, cobalt, chromium, or
nickel that remain as permanent fixtures over the lifetime of
the patient. Thus, implant longevity 1s a critical factor for
joint prostheses since revision surgeries are mvasive, pain-
ful, and increase the risk of infection. Considering this,
significant focus has centered on improving the durability of
joint prostheses to reduce implant wear and failure.

MoM mmplants, which contain a ball and socket compo-
nent composed of metal, were popularized due to their low
wear rate in vitro. However, after several years, MoM
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implants have demonstrated higher wear and failure rates 1n
vivo than previous implant models. While having less volu-
metric wear, MoM 1mplant wear results in a buldup of
significantly more, smaller sized metal particulates and
solubilized 10ns. One pathology that 1s a consequence of this
different wear 1s metallosis: localized and systemic distri-
bution of heavy metal 10ons. Metallosis poses significant
health concerns for the patient and can be characterized by
localized aseptic fibrosis, necrosis, bone deterioration,
implant loosening, and extreme pain. Systemic distribution
of toxic metal 1ons can also cause neurological damage,
carcinogenesis, and death.

Metallosis due to implant wear can be diflicult to diagnose
since many clinicians rely on quantitative analysis of metal
ions 1n serum. Studies have shown that metal concentrations
in serum do not always correlate with implant wear and are
poor indicators of metallosis; therefore, metallosis 1s usually
diagnosed after the emergence of symptoms, which can
occur years aiter the prostheses has begun to fail. Currently,
treatments for metallosis due to implant wear are limited to
revision surgery. Revision surgery eflectively removes the
implant and localized metals. However, revision surgery 1is
a serious medical procedure with associated risks to the
patients and substantial healthcare costs and does not
address solubilized metals 1n the body that pose significant
toxicity risks. Since several million patients worldwide have
MoM prostheses, there 1s a clinical need to address heavy
metal 1ons due to implant wear.

To overcome the above problems, treatment using the
chelating compound described 1n this disclosure 1s config-
ured to extract these metal 10ns or other debris from the body
and prevent or reduce the effects of metallosis. For the sake
of brevity, the term “metal” will be used to collectively refer
to free metal 1ons or metal 10ns bound to low afhinity ligands
(e.g., citrate), as well as metal 10n debris and metal particles
or other forms of metal capable of being chelated. In some
implementations the metal 1s a metal selected from groups 3
through 12 on the periodic table. In some implementations
the metal 1s one or more of As, Hg, Au, Pb, Co, N1, Cr, 11,
Ta, Cu, Fe, Mo, and Gd. In some implementations the metal
1S one or more of Co, Ni, and Cr.

In an aspect, the chelating compound includes glycosami-
noglycans (GAGs) such as hyaluronic acid (HA) and chon-
droitin sulfate (CS) modified with dimercaprol, also known
as British anti-Lewisite (BAL), a small molecule chelating
agent. The BAL-HA and BAL-CS systems can serve as
synovial fluid mimics that also retain the ability to chelate
cobalt, nickel, and chromium 1ons while reducing the tox-
icity of unmodified BAL. The polymeric systems are cyto-
compatible and can chelate metal 1n therapeutically relevant
concentrations, indicating their potential as an injectable
therapeutic for localized treatment of metallosis due to
implant wear 1n joint and non-joint areas. Thus, this mnven-
tion could extend the lifetime of metal-containing 1implants
that have already been implanted by removing toxic solu-
bilized metals 1n joint cavities.

Similarly, as previously indicated, the chelating com-
pounds described 1n this disclosure can be used to remove
excess or undesired metal from non-joint spaces of the
patient. For example, degradation of a metal stent that
causes excess levels of metal 1ons and debris 1n a vascular
region of the patient can be similarly treated by administer-
ing the chelating compound to remove the excess metal from
the region.

In an aspect, a compound includes a polysaccharide
moiety and one or more chelating agents. Generally, the one
or more chelating agents are covalently bonded to the
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polysaccharide moiety. In some implementations, each of
the chelating agents 1s independently a chelator of one or
more metals selected from the group including As, Hg, Au,
Pb, Co, N1, Cr, T1, Ta, Cu, Fe, Mo, and Gd. In some
implementations, each of the chelating agents 1s 1ndepen-
dently a chelator of one or more metals selected from the
group including Co, N1, and Cr.

In some implementations, each of the chelating agents 1s
independently selected from the group including British
anti-Lewisite (BAL) dimercaprol, ethylene diamine tetra-
acetic acid (EDTA), N-acetyl-cysteine (NAC), D-penicil-
lamine, 1,4,7-triazacyclononanetriacetic acid (NOTA), 1.4,
7,10-tetraazacyclododecane-1.,4,7,10-tetraacetic acid
(DOTA), 1.,4,7-tnazacyclononane-1-glutaric acid-4,7-di1-
acetic acid (NODAGA), diethylene triaminepentaacetic acid
(DTPA), cyclohexyl-1,2-diaminetetraacetic acid (CDTA),
cthyleneglycol-O, O'-bis(2-aminoethyl)-N, N, N' N'-tet-
raacetic acid (EGTA), N, N-bis(hydroxybenzyl)-ethylenedi-
amine-N, N'-diacetic acid (HBED), triethylene tetramine
hexaacetic acid (1 THA), hydroxyethyidiamine triacetic acid
(HEDTA), 1,4,8,11-tetraazacyclotetradecane-IN, N', N", N™-
tetraacetic acid (TETA), and 1.,4,7,10-tetraaza-1.,4,7,10-
tetra-(2-carbamoyl methyl)-cyclododecane (TCMC).

In some implementations, each of the chelating agents 1s
independently selected {from the group 1ncluding
dimercaprol, ethylene diamine tetra-acetic acid (EDTA),
N-acetyl-cysteine (NAC), and D-penicillamine. In some
implementations, each of the chelating agents are the same.
In some 1mplementations, the chelating agent 1s
dimercaprol.

In an aspect, the polysaccharide moiety 1s selected from
the group i1ncluding a glycosaminoglycan moiety. In some
implementations, the glycosaminoglycan moiety 1s selected
from the group including a hyaluronic acid polymer and a
sulfated glycosaminoglycan moiety. In some implementa-
tions, the glycosaminoglycan moiety 1s a hyaluronic acid
polymer.

In an aspect, the compound comprises about 1:1 to about
1:3 chelator to repeat unit of the hyaluronic acid polymer. In
some 1mplementations, the compound comprises about 1:1
chelator to repeat unit of the hyaluronic acid polymer.

In some implementations, the glycosaminoglycan moiety
1s a sulfated glycosaminoglycan moiety. In some implemen-
tations, the glycosaminoglycan moiety 1s chondroitin sul-
fate. In some 1mplementations, the compound comprises
about 1:1 to about 1:3 chelator to repeat unit of the chon-
droitin sulfate. In some implementations, the compound
comprises about 1:1 chelator to repeat unit of the chondroi-
tin sulfate. In some 1implementations, the glycosaminogly-
can moiety 1s hyaluronic acid and the chelating agent 1is
dimercaprol.

In an aspect, a pharmaceutical composition includes a
compound having a polysaccharide moiety and one or more
chelating agents, and a pharmaceutically acceptable carrier.
In some 1implementations, the pharmaceutically acceptable
carrier comprises water. In some implementations, the com-
position 1s formulated as an injectable hydrogel.

In an aspect, a process for preventing a disease or disorder
includes administering a therapeutically eflective amount of
a compound having a polysaccharide moiety and one or
more chelating agents to the joint of the patient. In an aspect,
a process includes administering a therapeutically effective
amount of a compound having a polysaccharide moiety and
one or more chelating agents to the site of the metal implant.
In some 1mplementations, the disease or disorder 1s associ-
ated with abnormally high levels of metal 1n the patient. In
some 1mplementations, the disease or disorder 1s associated
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with abnormally high levels of metal particulates, abnor-
mally high levels of metal 10ns, or a combination thereot, in

the patient. In some 1mplementations, the process mcludes
reducing a concentration of metal particulates or metal ions
in the subject. In some implementations, the disease or
disorder 1s selected from the group including metallosis,
allergies (including metal hypersensitivity), heavy metal
poisoning, hard metal pneumoconiosis (occupational expo-
sure), vineyard sprayers lung (occupational exposure), soft
tissue 1nflammatory reactions, chronic 1inflammation,
pseudotumors, aseptic lymphocytic vasculitis associated-
lesion (ALVAL), bursae, adverse reactions to metal debris
(ARMD), implant loosening, osteolysis, and metabolic con-
ditions associated with undesired levels of metals (including
Wilson’s disease, haemosiderosis, and haemochromatosis).
In some 1mplementations, the disease or disorder 1s metal-
losis.

In an aspect, the metal implant 1s an implant selected from
the group including a hip implant, a knee implant, a shoulder
implant, a wrist implant, a vertebral implant, an ankle
implant, and an elbow implant. In some 1mplementations,
the patient has an implant selected from the group including,
a stent, a mesh, electrodes, and biosensors. In some 1mple-
mentations, the metallosis 1s associated with degradation of
the metal implant 1n the patient. In an aspect, the metal 1s
selected from the group including As, Hg, Au, Pb, Co, Ni,
Cr, T1, Ta, Cu, Fe, Mo, and Gd. In some implementations,
the metal 1s selected from the group including Co, Ni, and
Cr. In some implementations, the administration 1s paren-
teral administration.

In some implementations, the compound 1s administered
to a site localized at the metal implant in the patient. In some
implementations, the metal implant includes a metal-on-
metal 1mplant. The metal implant includes a metal-on-
polyethylene implant. In some implementations, the site 1s
selected from the group including a blood vessel, a heart, a
spinal canal, an epidural space, a subcutaneous space, a
ventricular space, the uterus, a portion of an alimentary
canal, an intraosseous space, and a brain. In some 1mple-
mentations, following the administration of the therapeuti-
cally eflective amount of the compound, the process
includes flushing the site with a wash solution including
hyaluronic acid dissolved in saline.

The details of one or more embodiments are set forth in
the accompanying drawings and the description below.
Other features and advantages will be apparent from the
description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a diagram of an example chelating compound.

FIG. 1B shows diagrams of example chelating com-
pounds.

FIGS. 2A-2C show data representing characterizations of
the chelating compound including hyaluronic acid.

FIGS. 3A-3B show data representing quantification of a
functionalization ethiciency of the chelating compound.

FIGS. 4A-4D show data representing absorbance titration
of BAL-HA with Co**.

FIGS. SA-5C show data representing characterizations of
the chelating compound including chondroitin sulfate.

FIGS. 6A-6C show data representing quantification of a
functionalization efliciency of the chelating compound.

FI1G. 7 shows data that 1llustrates the cytocompatibility of
a plurality of compounds.

FIG. 8 shows data representing 1n vitro chelation using

BAL-HA.
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FIG. 9 shows cytocompatibility of cells exposed to vary-
ing concentrations ot CoCl,.6H,O.

DETAILED DESCRIPTION

FIGS. 1A-1B show examples of a chelating compound.
The chelating compound mimics the composition of syn-
ovial fluid while simultaneously chelating toxic metals from
joint cavities deposited from prosthetic metal implant wear.
In one example, a chelating compound 104 of FIG. 1A uses
carbodiimide coupling chemistry (shown in box 102) to
activate carboxylic acid functional groups of GAGs 100,
such as hyaluronic acid (HA) and chondroitin sulfate (CS),
to promote covalent coupling of BAL to the polymeric
backbone. The BAL functionalized GAGs that form chelat-
ing compound 104 represent a metal-chelating polymeric
system that chelates cobalt, nickel, and chromium 1n thera-
peutically relevant concentrations.

Generally, the chelating compound includes a polysac-
charide moiety and one or more chelating agents. A non-
limiting example of the polysaccharide moiety 1s a gly-
cosaminoglycan (GAG) moiety. While the GAG moiety 1s
subsequently described 1n detail, other similar polysaccha-
ride moieties are possible, including, but not limited to
hyaluronic acid polymers and sulfated glycosaminoglycan
moieties (e.g. chondroitin sulfate (CS)), and other polysac-
charides including, for example, glycogen, chitin, and cel-
lulose. Additionally, while HA and CS are two examples
described for activating the carboxylic acid functional
groups of the GAG, other glycosaminoglycan moieties can
be used.

The chelating compound includes a chelating agent that 1s
bonded to the polysaccharide moiety. In some implementa-
tions, the chelating agent (or plurality of chelating agents)
is/are bonded to the polysaccharide moiety by covalent
bond(s). Chelating agents include, without limitation, Brit-
ish anti-Lewisite (BAL) dimercaprol, ethylene diamine
tetra-acetic acid (EDTA), N-acetyl-cysteine (NAC), D-pen-
icillamine, 1,4,7-triazacyclononanetriacetic acid (NOTA),
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA), 1.,4,7-tnazacyclononane-1-glutaric acid-4,7-di1-
acetic acid (NODAGA), diethylene triaminepentaacetic acid
(DTPA), cyclohexyl-1,2-diaminetetraacetic acid (CDTA),
cthyleneglycol-O,0'-bis(2-aminoethyl)-N,N,N', N'-tet-
raacetic acid (EGTA), N,N-bis(thydroxybenzyl)-ethylenedi-
amine-N,N'-diacetic acid (HBED), triecthylene tetramine
hexaacetic acid (1 THA), hydroxyethyidiamine triacetic acid
(HEDTA), 1,4,8,11-tetraazacyclotetradecane-N,N',N",N"'-
tetraacetic acid (TETA), and 1.,4,7,10-tetraaza-1.,4,7,10-
tetra-(2-carbamoyl methyl)-cyclododecane (TCMC).

FIG. 1B shows diagrams 110, 112, 114, 116, 118, and 120
of additional chelating compounds. Diagram 110 shows an

example of NAC-HA. Diagram 112 shows an example of
NAC-CS. Diagram 114 shows an example of EDTA-HA.

Diagram 116 shows an example of EDTA-CS. Diagram 118
shows an example of D-pemicillamine-HA. Diagram 120
shows an example of D-penicillamine-CS

The chelating agents of the chelating compound permit
the binding and subsequent removal of metal from a treat-
ment site. The treatment site includes an area 1n the patient
in which the chelating compound 1s applied to remove
excess metal. Generally, the treatment site includes the area
near a metal implant that can be aflected by degradation of
the metal 1mplant. For example, the treatment site can
include a joint or a non-joint space. A joint space refers to
a treatment site including a joint. A non-joint space refers to
a treatment site that does not include a joint. The chelating
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compound allows the removal of metal from the treatment
site. The metals can 1nclude one or more metals selected
from the group consisting of As, Hg, Au, Pb, Co, N1, Cr, Ti,
Ta, Cu, Fe, Mo, and Gd. In some implementations, the
chelating agents remove one or more of Co, N1, and Cr. The
s1ze ol the metal particles can be varied. For example, the
s1ze can be as small as individual 1ons and as large as 500
nm in diameter or more.

The chelating compound can include various ratios of
chelating agent to the polysaccharide polymer. For example,
for chelating compounds 1including the HA polymer, a ratio
ol the chelator to repeat unit of the hyaluronic acid polymer
can be between about 1:1 to about 1:3. In some implemen-
tations, for chelating compounds including the chondroitin
sulfate, a ratio of the chelator to repeat unit of the chon-
droitin sulfate can be between about 1:1 to about 1:3.
However, while these ratios can be different for different
chelators, functionalization efliciency of the chelator can be
used to predict the approximate ratio of chelator to repeat
unit. For example, the range of ratios 1s generally between
1:1 chelator:GAG to 1:5 chelator:GAG.

Various combinations of the chelating agent and the
glycosaminoglycan moiety are possible. For example, 1n
some i1mplementations, the glycosaminoglycan moiety 1s
hyaluronic acid and the chelating agent 1s dimercaprol. In
some 1mplementations, the glycosaminoglycan moiety 1s
chondroitin sulfate and the chelating agent 1s dimercaprol.

The chelating compounds can be included 1n a pharma-
ceutical composition. These pharmaceutical compositions
can be prepared as described herein or elsewhere, and can be
administered by a variety of routes, depending upon whether
local or systemic treatment 1s desired and upon the area to
be treated. In some implementations, the administration 1s
parenteral. Parenteral admimistration includes, for example,
intravenous, intraarterial, intradermal, subcutaneous, intra-
peritoneal, intramuscular injection or infusion; or intracra-
nial admimstration, (e.g., intrathecal or intraventricular,
administration). Parenteral administration can be 1n the form
of a single bolus dose, or may be, for example, by a
continuous perfusion pump. In some 1mplementations, the
compounds and pharmaceutical compositions provided
herein are suitable for parenteral administration. In some
implementations, the pharmaceutical compositions provided
herein are suitable for intravenous administration. In some
implementations the pharmaceutical compositions are
administered using one or more microneedles. Conventional
pharmaceutical carriers, aqueous, powder or oily bases,
thickeners and the like may be necessary or desirable. In
some 1mplementations, the chelating compound 1s formu-
lated as an imjectable hydrogel. In some 1implementations,
the pharmaceutical compositions provided herein are suit-
able for chelating compound other modes of administration,
including, without limitation, oral imngestion, using a pill or
capsule, subcutaneous, and intravenous. In some implemen-
tations, the capsule 1s formulated to dissolve 1n a patient’s
gastrointestinal (GI) tract to reduce or remove undesired
metal 1 the GI tract. In some 1mplementations, the com-
pounds and pharmaceutical compositions provided herein
are suitable for topical application, such as in eye drops. In
some 1mplementations, the pharmaceutical compositions
can be applied directly to the treatment site.

In some implementations compositions comprising the
chelating compound further comprise other components to
mimic other fluids including, without limitation, synovial
fluid, cerebrospinal fluid, aqueous humor, blood (and vari-
ous blood components including plasma), and lymphatic

tfluad.
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In some 1mplementations, the pharmaceutical composi-
tions contain, in addition to the chelating compound, one or
more pharmaceutically acceptable carriers (e.g., excipients).
In some 1implementations, the chelating compound 1s mixed
with an excipient, diluted by an excipient or enclosed within
such a carrier 1n the form of, for example, a capsule, tablet,
or other container. When the excipient serves as a diluent, 1t
can be a solid, semi-solid, or liquid material, which acts as
a vehicle, carrier or medium for the active ingredient. Thus,
the pharmaceutical compositions can be 1 the form of
tablets, pills, powders, suspensions, emulsions, solutions,
syrups, aerosols (as a solid or in a liguid medium), soit and
hard gelatin capsules, suppositories, sterile injectable solu-
tions, and sterile packaged powders.

Some examples of suitable excipients include, without
limitation, lactose, dextrose, sucrose, sorbitol, mannitol,
starches, gum acacia, calcium phosphate, alginates, traga-
canth, gelatin, calcium silicate, microcrystalline cellulose,
polyvinylpyrrolidone, cellulose, water, syrup, and methyl
cellulose. Pharmaceutical compositions and formulations
comprising the pharmaceutical compositions can addition-
ally include, without limitation, lubricating agents such as
talc, magnesium stearate, and mineral oi1l; wetting agents;
emulsifying and suspending agents; preserving agents such
as methyl- and propylhydroxy-benzoates; sweetening
agents; tlavoring agents, or combinations thereof.

Methods of Treatment

The present application further provides methods of
chelating metal in a patient, comprising administering the
chelating compounds provided herein.

As used herein, the term “patient,” refers to any amimal,
including mammals. Example patients include, but are not
limited to, mice, rats, rabbits, dogs, cats, swine, cattle, sheep,
horses, primates, and humans. In some embodiments, the
patient 1s a human.

The chelating compounds can be used for various appli-
cations. For example, applications for both joint spaces and
non-joint spaces are possible. More specifically, the chelat-
ing compounds can be used in treatments for each of
articular joints, non-articular joints, joints with synovium,
and joints without synovium. For example, the chelating
compound can be used for orthopedic treatments. For
example, the chelating compound can be adminmistered into
an 1ntra-articular space (e.g., 1n a hip joint, knee joint, spine,
ankle joint, wrist joint, etc.) to remove metal from the
intra-articular space. In some examples, the compound can
be flushed away or otherwise removed after a period of time
period to allow for chelation 1n patients with metallosis.

The chelating compounds can also be used 1n applications
for non-joint spaces, such as systemic, blood vessels, a heart,
a spinal canal, an epidural space, a subcutaneous space, a
ventricular space, the uterus, a portion of an alimentary
canal, a brain, an 1ntraosseous space, and so forth.

The chelating compound 1s useful to treat various diseases
or disorders. For example, the chelating compound can be
used for the treatment of a disease or disorder that 1s
associated with abnormal levels of metal 1ons and debris 1n
a patient, such as metallosis. In some embodiments, the
abnormal amount of metal 1n the patient refers to about 25%
to about 1000% increased concentration of metal 1n the
patient compared to the concentration of metal 1n a control
patient, for example, about 50% to about 1000%, about 25%
to about 750%, about 50% to about 750%, about 50% to
about 500%, about 50% to about 1000%, about 75% to about
1000%, about 50% to about 500%, about 75% to about
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200%, or about 100% to about 1000% increased concentra-
tion of metal 1n the patient compared to the concentration of
metal 1 a control patient.

In some implementations, metallosis can result in a
patient following degradation of a metal implant. The metal
implant can be an object placed inside the patient that
includes metal for at least a portion of the implant. If the
metal portion of the implant degrades, excess metal can
result 1n the treatment site including the implant.

In some 1mplementations, the metal implant includes a
metal-on-metal (MoM) mmplant. Similarly, the chelating
compounds can be used to prevent diseases or disorders 1n
patients at risk of diseases and disorders associated with
abnormal levels of metal including those patients who have
a MoM mmplant but have not been diagnosed as having
abnormal levels of metal. For example, the MoM implant
can be 1n an articular joint of the patient, such as a knee,
spine, hip, and so forth. A therapeutically eflective amount
of the chelating compound can be administered to the
articular joint of the patient to remove metal present 1n the
joint space of the MoM implant. In some 1mplementations,
the metal-on-metal implant 1s an articular implant selected
from the group consisting of a hip implant, a knee implant,
a shoulder implant, a wrist implant, a vertebral implant, and
an elbow 1mplant.

The metal implant can include a metal-on-polyethylene
(MoP) implants. In this case, only a portion of the implant
includes metal. However, degradation of the metal portion
can still result in adverse eflects to the patient (such as
metallosis). While MoP implants are generally positioned in
joint spaces, the chelating compound can also be used for
MoP implants in non-joint spaces.

Similarly, the chelating compound can be used to treat
patients having metal implants that are positioned in or near
a non-joint space where degradation of the metal implant has
occurred (or 1s expected to occur). The chelating compound
can be administered 1n a therapeutically eflective amount to
a treatment site (e.g., a non-joint space) of the patient
comprising a metal implant 1n a target site of the patient
other than an articular joint (or other joint space). In some
implementations, the metal implant can include a stent,
mesh, electrodes, biosensors, and so forth.

The chelating compound can be used for treatment of

disease or disorders associated with abnormally high levels
of metal 1n the patient. In some 1implementations, treatment

of these diseases or disorders comprises reducing effects of

the presence of high levels of metal in the patient. For
example, the undesired eflects of high levels of metal can be
reduced by removing some or all of the excess metal 1n the
patient at a treatment site resulting from degradation of a
metal implant. In some 1mplementations, treatment of the

diseases or disorders comprises elimination of the effects of

high levels of metal in the patient by removing some or all
ol the excess metal in the patient resulting from degradation
of the metal implant.

In some examples the disease or disorder 1s associated
with abnormally high levels of metal in the patient. The
chelating compound can be used to reduce the concentration
of metal 1n the patient. In some implementations, the disease
or disorder includes one or more of metallosis, allergies
(including metal hypersensitivity), heavy metal poisoning,
hard metal pneumoconiosis (occupational exposure), vine-
yvard sprayers lung (occupational exposure), soit tissue
inflammatory reactions, chronic intlammation, pseudotu-
mors, aseptic lymphocytic vasculitis associated-lesion (AL-
VAL), bursae, adverse reactions to metal debris (ARMD),
implant loosening, osteolysis, and metabolic conditions
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associated with undesired levels of metals (including Wil-
son’s disease, haemosiderosis, and haemochromatosis).

Various administration methodologies are possible. In
some 1implementations the chelating compound 1s adminis-
tered parenterally. The chelating compound can also be
administered directly to a joint space or a non-joint space
localized at the metal implant in the patient. For example,
the chelating compound can be administered by an 1njection
at the treatment site. In some implementations, the treatment
site can include a joint (e.g. articular joint, synovial joint), a
blood vessel, a heart, a spinal canal, a subcutaneous space,
an epidural space, a ventricular space, a uterus, a portion of
an alimentary canal, and an intraosseous space, though other
similar sites are possible.

In an aspect, following one or more administrations of the
chelating compound to the treatment site, the treatment site
can then be flushed at least once with a wash solution
comprising hyaluronic acid dissolved in saline. In some
implementations, the chelating compound 1s left at the
treatment site.

The chelating compound can be effective over a wide
dosage range and are generally administered in a pharma-
ceutically effective amount. It will be understood, however,
that the amount of the chelating compound actually admin-
1stered will usually be determined by a physician, according
to the relevant circumstances, including the condition to be
treated, the chosen route of administration, the actual com-
pound admimstered, the age, weight, and response of the
individual subject, the severity of the subject’s symptoms,
and the like.

The chelating compound also finds use in treating dis-
cases or disorders (e.g. metallosis) 1n patients with metal
implants by administering an eflective amount of the chelat-
ing compound to a patient, the method comprising: (a)
applying the chelating compound comprising a glycosami-
noglycan moiety and one or more chelating agent to an area
of treatment of the patient; and (b) chelating metals to
remove the metal from the area of treatment. Other appli-
cations of the chelating compound include, without limita-
tion, use of a chelating compound comprising a glycosami-
noglycan moiety and one or more chelating agent for use in
treating diseases and disorders (e.g. metallosis) 1n patients
with a metal implant, wherein applying the chelating com-
pound to an area of treatment of the patient chelates metal,
thereby removing the metal 10ns from the area of treatment.

[

EXAMPLES

Characterization of BAL Functionalized Hyaluronic Acid
(BAL-HA)

Turning to FIGS. 2A-2C, a characterization of the chelat-
ing compound confirmed successiul covalent coupling of
BAL to HA. For example, as shown 1in graph 200 of FIG.
2A, '"H NMR of BAL-HA displays the emergence of chemi-
cal shifts associated with BAL. However, chemical shifts
umque to BAL overlap with HA, making interpretation of
the structure of the covalent coupling diflicult. Peak decon-
volution of FTIR spectra 1n the carbonyl region (1750-1500
cm™), shown in graphs 220 and 230 of FIG. 2C, indicate the
emergence of a thioester peak at 1710 cm™" for BAL-HA
while the carboxylic acid peak at 1610 cm™' remained
constant. Thus, thiol functional groups, rather than the
primary alcohol, on BAL were responsible for covalent
coupling to HA. Since primary thiols are stronger nucleo-
philes than secondary thiols, we conclude that the primary
thiol serves as the main nucleophilic moiety for chemical
modification.
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Graph 200 of FIG. 2A shows '"H NMR in D,O, where*
denotes N-acetyl protons on the HA backbone and **

denotes thiol proton shiits from BAL. Graph 210 of FIG. 2B
shows FTIR spectra for HA 212, BAL-HA 214, and BAL
216 from 4000-700 cm™' in percent transmittance. Graphs

220 and 230 of FIG. 2C show de-convoluted FTIR spectra

from 1750-1500 cm™" in absorbance.

After chemical modification, qualitative observations
revealed a decrease 1n the solubility of BAL-HA, likely due
to the modification of free carboxylic acid groups 1nto less
ionizable functional groups. Dynamic Light Scattering
(DLS) and zeta potential measurements were used to further
cvaluate this observation, providing insight into the eflects
of BAL modification on polymer flocculation and electro-
static charge, respectively. DLS particle size measurements
show BAL-HA has substantially larger particle sizes than
the HA starting material. Zeta potential measurements reveal
BAL-HA has a lower electrostatic charge than unmodified
HA due to the incorporation of BAL molecules that contain
less 10mizable moieties. Modification of large polymers with
small molecule chelating agents, such as BAL, will have
mimmal effect on particle size. Therefore, the increase in
particle size for BAL-HA matenals 1s due to decreased water
solubility resulting 1n flocculation.

The functionalization efliciency (FE) of the coupling
scheme to the polymeric backbone of the chelating com-
pound was evaluated because the coupling scheme directly
aflects the capacity for metal chelation. Turning to FIGS.
3A-3B, TGA was used to quantily FE. HA and BAL-HA
thermogravimetric (I'GA) thermograms (graphs 300 and
310, respectively) display one degradation event. The BAL-
HA degradation event broadens with a shift to a lower onset
temperature (To); a lower first derivative peak temperature
(T,); a hugher weight loss of the primary degradation event
(% D); and a lower char weight, all of which indicate the
evolution of additional mass from BAL. However, the
difference 1n the weight loss of the primary degradation
event between BAL-HA and HA 1s indicative of the weight
percent of BAL on the polymer backbone. Using the weight
percent ol conjugated BAL, the FE was calculated to be
9.8+x1.3% as shown using the following equations (1) and

(2).

FET = (1)

1 mol BAL—- HA ](487.535 g BAL — HA]

Y% Dgar s —% D
(0 Dpar—na =7 ”ﬂ)( I mol BAL 124216 g BAL

(2)
Fhoy = \/O'?m + O Bar—Ha

BAL-HA was also evaluated using the Ellman’s assay and
the BAL FE was 10.7+2.9%.

In graphs 300 and 310 of FIG. 3A, TGA of HA and
BAL-HA are shown. The thermograms (solid lines) and the
first derivative of the thermograms (dashed lines) are
included. FI1G. 3B shows graphs 320, 330, 340, and 350 that
include a quantification of the TGA data. Graph 320 shows
To which includes the onset temperature of the degradation
event. Graph 330 shows T, which 1s the first derivative peak
temperature calculated from the local minima of the first
derivative of the degradation curve. Graph 340 shows the
weight loss percentage for the degradation event at T .
Graph 350 shows the char weight percent 1s the weight
percent remaining at 800° C. The error bars are the sample
standard deviation from triplicate runs of HA and three

different batches of BAIL-HA.
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The BAL FE was used to calculate the amount of cobalt,
nickel, and chromium that 1 mg of BAL-HA could theo-
retically chelate 1n a 1:1 monomer:metal 1on ratio, shown in
Equations (3) and (4). The results are presented in Table 1.

Theorectical x M** Chelation= (3)
FE ( 1l g ]( 1 mol ]
(1 me BAL — HA) 1000 me N\ 487.535 ¢ BAL — HA
( 1 mol M** ]( o M ] 1x10° ug
1 mol BAL— HA )\ 1 mol M** l g
Theorectical o, M*" Chelation= (4)

( oy FE )( l g ]( 1 mol ]
1 mg BAL—- HA/\ 1000 mg A 487.535 g BAL - HA

( 1 mol M** ]( g M*t ] 1% 10° ug
1 mol BAL—- HA A\ 1 mol M** l g

Cobalt Nickel Chromium

(Lg) (hg) (ng)
TGA 11.8 + 1.6 11.8 £ 1.6 10.5 + 14
Ellman’s assay 12.9 £ 3.3 12.9 £ 3.3 114 £ 2.9

Based on clinical case studies, maximum amounts of
cobalt, nickel, or chromium in synovial fluid surrounding
metal prostheses are 259, 388, and 1470 ug, respectively.
Considering this, the chelation ability of the polymeric
system demonstrates therapeutic relevance to patients sui-

fering metallosis due to metal implant failures.

Qualitative Chelation Capacity of BAL-HA

The chemical modification scheme for the chelating com-
pound 104 successiully incorporated BAL onto the back-
bone of HA. The eflicacy of the polymeric system to chelate
transition metals was evaluated. BAL, which 1s a clear
liguid, forms strongly colored chelating complexes with
cobalt and nickel 10ons.

This colorimetric response results from the formation of
cobalt or nickel-BAL coordination complexes. Thus, colo-
rimetry can be used as an indicator of chelation. Considering
this, dispersions ol BAL-HA in water were spiked with
dilute concentrations of Co*** Ni**, Cr’*, and Cr°*. Cobalt
and nickel solutions displayed a significant color change
upon contact with BAL-HA, a phenomenon not observed
with the unmodified HA control. Thus, colorimetry can be
successiul utilized for BAL-HA chelation of cobalt and
nickel, proving BAL retains the ability to chelate transition
metals even after conjugation to the polymeric scaflold.

Chromium chelation did produce a visible colorimetric
response to either bare BAL or BAL-HA, though BAL 1s
known to chelate chromium. With the success of cobalt and
nickel chelation, 1t can be seen that the polymeric system
retains the capacity to chelate transition metals and can be
extended to chromium chelation. Hard Soft Acid Base
(HSAB) theory shows that primary alcohols serve as the
primary moieties for chromium chelation due to the hard-
hard interaction. HA already contains primary alcohols on
the polymeric backbone that could participate in chelation.
Chelation could further be enhanced since BAL conjugation
to the HA 1s primanly facilitated by primary thiols, leaving,
additional alcohol moieties free for chromium coordination.

To qualitatively evaluate the strength of the chelation, the
solutions were dialyzed against water to remove excess
metal from the samples. Even after several days of dialysis,
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BAL-HA retained cobalt and nickel 1ons as indicated by the
color of the samples. After freeze drying, BAL-HA spiked
with cobalt and nickel remained dark brown.

Quantitative BAL-HA Cobalt Chelation

Absorption titrations with cobalt were used as a quanti-
tative approach for BAL determination. Graph 400 of FIG.
4 A shows data resulting from quantitatively exploring BAL-
HA cobalt chelation. UV-visible absorbance spectra show
the emergence of a peak at 475 nm as cobalt 1s added to
BAL-HA that plateaus in absorbance after the endpoint is
reached and the polymer 1s saturated. Deconvolution of the
absorbance spectra from 430-330 nm before the endpoint 1s
reached display two peaks at 455 and 475 nm corresponding
to spin-orbit effects and chelated cobalt, respectively. After
the endpoint 1s reached, a peak at 500 nm emerges that

corresponds to free coballt.
FIGS. 4A-4D show absorbance titration of BAL-HA with

Co**. Graph 400 of FIG. 4A shows UV-visible spectral
overlay of BAL-HA from 300-800 nm as a function of cobalt
addition. Graphs 420 and 430 of FIG. 4B shows peak
deconvolution of absorbance spectra from 430-530 nm
before and after the endpoint of the titration was reached.
Graph 440 of FIG. 4C shows absorbance titration curve at
4’75 nm with the endpoint and overall dissociation constant
Wo displayed. Absorbances were baseline corrected against
BAL-HA and cobalt concentration corrected for dilution
cllects.

An absorbance titration curve was generated using absor-
bance values at 475 nm as a function of cobalt added,
generating an mverted L-shaped curve. The endpoint was
determined by extrapolation of two straight lines and used to
calculate the mass of cobalt chelated per mg of BAL-HA, as
shown 1n Equation (3).

(5)

Mass of BAL — HA

Co**] at Endpoint
Experimetnal Mass of Chelated Co*" = ( [ ] b ]

(Tﬂtal VDlume] 58.933 g Co*" }( 1x 10° ug
1000 mM l g

1 mol

The experimental mass of cobalt chelated per mg of
BAL-HA was 5.7 ng, which 1s less than the theoretical
amount calculated by TGA and the Ellman’s assay 1n Table
1. However, the experimental mass of chelated cobalt 1s
approximately half of the theoretical mass. This strongly
indicates that the monomer:cobalt 1on chelation ratio 1s 2:1
rather than 1:1, which has been reported with bare BAL.

Further, quantitative analysis of cobalt chelation allows
calculation of the approximate amount of BAL-HA required
for 1n vivo metal chelation in joint cavities. HA injections
are used as a therapy for osteoarthritis, with therapeutic
parameters for several hip injections shown in Table 2.

TABLE 2

FDA Approved Hyaluronic Acid Hip Injections for Osteoarthritis

Molecular  Concentration of  Injection  Number
Brand Weight Injection Volume of
Name (kDa) (mg mL™) (mL) Dosages
Hyalgan ® 500-730 10 2.0 5
Orthovisc ® 1000-2900 15 2.0 3-4
Supartz ® 620-1170 10 2.5 5

Using these approved therapeutic parameters as a model,
the mass, concentration, injection volume, and number of
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injections with BAL-HA required to completely chelate
cobalt 1n vivo 1n severe cobalt metallosis cases can be

determined, as shown 1n Equation (6) and Table 3, below.

(6)

(Expeﬁmemal mg BAL — HA ]
Experimental ug of M*+ }

( Theorectical mg BAL — HA ]
Maximum gg M** 1n Synowial Fluid

Assuming the efliciency of BAL-HA chelation of nickel
and chromium mirrors that of cobalt, therapeutic parameters
can also be determined for severe nickel and chromium
metallosis. However, it must be noted that chromium chela-
tion with BAL-HA may be grossly underestimated due to the
contributions of alcohol moieties on the HA backbone, as
discussed previously.

TABLE 3
Theoretical Therapeutic Parameters of BAL-HA Injections for Total
Chelation of Cobalt, Nickel, and Chromimum from Hip Joint Fluid
Mass of
Metal 1n
Synovial BAL- Concentration Injection  Number
Fluid HA of Injection Volume of
(ug) (mg) (mg/mL) (mL) Injections
Cobalt 259 45.4 15 3.0 1
Nickel * 388 68.1 4.5
Chromium® 1,470 258 17

*Denotes theoretical values based on quantification of cobalt chelation.

Quantitative information on the strength of BAL-HA
cobalt chelation was also determined using the absorbance
titration. The titration data was linearized into a modified
Lineweaver-Burk plot, shown 1n graph 460 of FIG. 4D to
extrapolate the overall dissociation constant ([3;1), which
was 63.3 uM. This enabled calculation of the overall asso-
ciation constant (3 ,), which 1s the inverse of 3;D, and the
stability constant (log,,([3 ,)) of chelation. The large values
of B, and (log,,(B,)), which were 1.58x10° M~" and 4.2,
respectively, indicate stable coordination between BAL-HA
and cobalt. Further, the Gibbs free energy of binding
(G-binding) for cobalt chelation was calculated to be —-8.5
k], as determined using Equation (7).

AGpinamg—RT In(p 4~ [BAL-HA])

(7)

The large, negative value of cobalt coordination with
BAL-HA shows chelation 1s spontaneous and favorable.

BAL-CS

BAL coupling chemistry was extended to other GAGs,
focusing on CS due to its excellent water solubility. FIGS.
5A-5C show data representing characterizations of the
chelating compound including CS. Characterization of
BAL-CS demonstrated successiul BAL functionalization
due to the emergence of chemical shifts unique to BAL 1n
the proton NMR spectra of the modified polymer. FTIR peak
deconvolution also displayed the emergence of a thioester
peak at 1725 cm™', indicating that BAL coupling to the
polymer backbone was initiated via the primary thiol on
BAL FIG. SA shows graph 500 which represents 1H NMR
in D20, where * denotes N-acetyl protons on the CS
backbone (FIG. S6). Trace 502 represents CS, trace 504
represents BAL-CS, and trace 506 represents BAL. FIG. 5B
includes graph 310 representing FTIR spectra from 4000-
700 cm-1 1n percent transmittance. Trace 512 represents CS,
trace 314 represents BAL-CS, and trace 516 represents
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BAL. FIG. 5C shows graphs 520 and 530, which represent
deconvoluted FTIR spectra from 1750-1500 cm-1 in absor-
bance. Much like BAL-HA, a reduction 1n solubility was
observed after BAL coupling to the CS backbone. DLS and
zeta potential measurements showed an increase 1n particle
s1ze, resulting from flocculation, and a reduction 1n electro-
static charge for BAL-CS FIG. 6A shows particle size and
Zeta potential analysis HA and BAL-HA 1n DI water (1 mg
ml.-1). Graph 600 shows DLS determined hydrodynamic
diameter (DH). Graph 610 shows data representing the
corresponding zeta potentials for CS and BAL-CS.

The BAL FE was determined via TGA and the Ellman’s
assay, which were 25.7£9.8% and 7.28+0.11%, respectively.
BAL-CS had a less intense colorimetric response when
exposed to cobalt and nickel 10ons (FIG. S10) during the
qualitative chelation study. After dialysis against DI water,
BAL-CS samples spiked with cobalt retained a brownish
color but nickel was not retained. This indicated that BAL-
CS did not chelate as strongly as BAL-HA; however,
BAL-CS could prove advantageous as a standalone therapy
or a composite with BAL-HA due to 1ts excellent water
solubility, enabling easier in vivo delivery of the chelating
polymer system into joint cavities.

FIG. 6B shows data representing TGA of CS and BAL-
CS. Graphs 620 and 630 show thermograms (solid lines) and
the first derivative of the thermograms (dashed lines) of CS
(graph 620) and BAL-CS (graph 630). FIG. 6C shows
quantitation of the TGA data in graphs 640, 650, 660, and
670. Graph 640 shows data representing T _, which 1s the
onset temperature of the degradation event. Graph 650
shows data representing T, which 1s the first derivative peak
temperature calculated from the local minima of the first
derivative of the degradation curve. Graph 660 shows data
representing the weight loss percentage for the degradation
event at To. Graph 670 shows the char weight percent 1s the
welght percent remaining at 800° C. The error bars are the

sample standard deviation from triplicate runs of CS and
BAL-CS

BAL-HA Rescues Vitality of Cells Exposed to Cobalt

The chelating compound including BAL-HA 1s capable of
rescuing cellular vitality of cells exposed to high levels of
cobalt. To show this, the cytocompatibility of HA, BAL, and
BAL-HA was quantified using cell enumeration, metabo-
lism, and toxicity assays. FIG. 7 shows graphs 700 and 710
which illustrate the cytocompatibility of a plurality of com-
pounds. HA 1s cytocompatible, as shown 1n each of graphs
700 and 710. BAL, however, significantly reduced prelif-
eration in a dose-dependent manner, and at 100 pg mL™"
there were hardly any viable cells. Conjugation of BAL to
HA rescued BAL-mediated toxicity, as the vitality of BAL-
HA was similar to that of control and cells exposed to HA.
Labeling the mmportant subcellular structures of nuclex,
filamentous actin (F-actin), and mitochondria revealed nor-
mal morphologies for NIH-3T3 fibroblasts that were
exposed to 10 ug mL~" of HA and BAL-HA. Some cells
were observed to associate with aggregates. Fibroblasts
exposed to BAL, however, had reduced cortical F-actin
structures and disrupted mitochondrial tracks, 1n agreement
with decreased vitality. Cellular vitality was measured using

Calcein AM, of macrophages and fibroblasts exposed to HA,
BAL, and BAL-HA at the indicated concentrations for 2

days. While at 100 ug mL~" BAL dramatically reduced
cellular vitality, BAL-HA remained cytocompatible at the
same concentration.

A range ol CoCl,.6H,O concentrations was examined,
and it was determined that 100 ng mL.~" would be most
appropriate for the 1n vitro chelation assays since 1t resulted
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in a substantially reduced vitality but did not kill all cells,
allowing for high sensitivity in assaying for changes in
vitality due to chelation. Two types of chelation experiments
were conducted. First, a perpetual exposure to CoCl,.6H,0O
and BAL-HA was performed. Second, an acute exposure to
Co(Cl,.6H,O was performed, followed by a media change
and exposure to BAL-HA for 1 minute, and then followed by
a media change to fresh media. Cells perpetually exposed to
Co(Cl,.6H,0O and BAL-HA still had a significant reduction 1n
vitality compared to control cells. However, there was a
dose-dependent increase in Vltahty with increasing BAL-
HA concentration from 0.8-100 mL.~". BAL-HA dispersed in
cell culture media containing CoCl,.6H,O was not stable,
likely due to a reduction in the magnitude of BAL-HA that
has chelated Co™”. The chelation complex would then settle
out of solution and smother cells, artificially affecting cel-
lular vitality.

FIG. 8 shows data representing in vitro chelation using
BAL-HA. Graph 800 shows results of RAW 264.7 macro-
phages exposed to 100 ug mI.~" CoCl,.6H20 and BAL-HA
at the indicated concentration for 2 days after which the
cellular vitality was quantified. Graph 810 shows results of
RAW 264.7 macrophages exposed to 100 pg mL™*
CoCl,.6H20 for 18 hours. To obtain this data, after expo-
sure, the media was aspirated, and then the cells exposed to
1000 pg mI.~! BAL-HA for 1 minute, the BAL-HA solution
aspirated, the cells washed with PBS, and then the cells were
cultured in fresh media for a day before quantification of
cellular vitality. Overall, exposure to BAL-HA rescues cel-
lular vitality.

BAL-HA can be used to treat patients with metal implant-
induced metallosis. This includes a minimally 1nvasive
surgical procedure, similar to current techniques, that drains
the joint cavity of synovial tfluid, mjects a highly concen-
trated BAL-HA dispersion that 1s allowed to incubate 1n the
joint cavity for a brief amount of time, and 1s then exchanged
with fresh synovial fluid mimic. This concept was tested in
vitro and demonstrated that BAL-HA could dramatically
increase cellular vitality by 500% compared to cells simply
receiving a media exchange, as shown in graph 610. These
results demonstrate that an exchange of media 1s not suili-
cient to rescue vitality and that BAL-HA can have a sig-
nificant effect 1n only a briel amount of time 1n a biological
environment. Although BAL also showed improvement 1n
cellular vitality, 1t 1s not feasible to inject BAL alone into
patients due to 1ts substantial toxicity.

FIG. 9 shows cytocompatibility of cells exposed to vary-
ing concentrations of CoCl,.6H,O, shown in graphs 900,
910, 920, 930, 940, and 950. The maximal 1nhibitory con-
centration is ~50 ug mL ™" for RAW 264.7 macrophages and
~25 ug mL™" for NIH-3T3 fibroblasts.

Materials and Methods Synthetic Methods

BAL Functionalized GAGs Preparation: BAL-GAGs
were synthesized from either hyaluronic acid sodium salt
(Streptococcus equi source, molecular weight ~1.5-1.8
MDa; Sigma-Aldrich, St. Louis, Mo., USA) or chondroitin
sulfate A sodium salt (bovine trachea source, Sigma-Aldrich,
St. Louis, Mo., USA). The reaction was run by dissolving
150 mg of either HA or CS 1n deionized (DI) water at 2
mg/mlL or 30 mg/mL concentrations, respectively, followed
by the addition of 77 mg of (3-Dimethylaminopropyl)-IN'-
cthylcarbodiimide hydrochloride (EDC) (Oakwood Chemi-
cals, Estill, S.C., USA). The reaction was stirred for 5
minutes before the addition of 46 mg of N-Hydroxysuccin-
imide (NETS) (Sigma-Aldrich, St. Louis, Mo., USA) and
stirred for 5 min. Then, 200 ul. of BAL (Alfa Aesar, Ward
Hill, Mass., USA) was added and the reaction was stirred for
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1.5 hours. The reaction was transierred to dialysis tubing
(SnakeSkin™ dialysis tubing; Thermo Scientific, Waltham,
Mass., USA) and dialyzed against DI water overnight,
frozen to —80° C., and lyophilized to dryness.

Material Characterization

Proton Nuclear Magnetic Resonance (‘H NMR) Spec-
troscopy: '"H NMR spectroscopy was performed on a 300
MHz NMR 1nstrument (Bruker Avance™ 300) in deuterated
water.

Fourier Transform Infrared (FTIR) Spectroscopy: FTIR
spectroscopy was performed using a Perkin Elmer Frontier
FT-IR Spectrometer with an attenuated total reflectance
attachment containing a germanium crystal. Raw spectra
were obtained over a range of 4000-700 cm™' with 4 cm™'
resolution and 4 accumulations. All spectra were converted
from percent transmittance to absorbance and normalized
via the hydroxyl stretch at ~3500 cm™", converted back to
percent transmittance, and then oflset for clarity. Normalized
FTIR spectra were truncated from 1750-1500 ¢cm™' and
converted to absorbance. Fityk (Version 0.9.8) was used to
baseline subtract all spectra and “deconvolute” carbonyl

peaks.
Thermogravimetric Analysis (1GA): A PerkinElmer TOA

4000 was used to perform TGA from 50-800° C. with a ramp
rate of 10° C. min™" under N,. The raw data was analyzed
using TRIOS software (TA Instruments).

Dynamic Light Scattering (DLS): A Zetasizer Nano ZS
(Malvern Instruments Ltd., Worcestershire, UK) was used to
perform DLS on samples dispersed in DI water (1 mg/mL).
Three measurements consisting of 10 scans at 10 seconds
per scan were acquired in backscatter) (173°) mode.

Zeta Potential: A Zetasizer Nano ZS (Malvern Instru-
ments Ltd., Worcestershire, UK) was used to perform zeta
potential on samples dissolved in DI water (1 mg/mL) using,
Malvern disposable folded capillary cells. Three measure-
ments consisting of at least 10 scans at 10 seconds per scan
were acquired.

Absorbance Spectroscopy: A Varian Cary 5000 spectro-
photometer (Agilent Technologies, Santa Clara, Calif.) was
used to perform absorbance spectroscopy from 300-800 nm
with a 1 nm step size. Samples were measured 1n a 10 mm
path length Infrasil® quartz cell (Starna Cells, Inc., Atasca-
dero, Calif.).

Ellman’s Assay: Thiol quantification was determined
using a modified Ellman’s test protocol previously reported.
A stock solution of Fllman’s reagent was prepared using
3,5-dithio-bis-(2-nitrobenzoic acid) (Alfa Aesar, Ward Hill,
Mass., USA) and sodium acetate (Sigma-Aldrich, St. Louis,
Mo., USA) in DI water with a final concentration of 2 mM
and 50 mM, respectively. A 1 M 'Iris bufler (Promega
Corporation, Madison, Wis., USA) solution was prepared 1n
DI water and adjusted to pH 8.0. Samples were analyzed by
mixing 10.1 ul. of Ellman’s reagent, 20.2 ulL of Tris bufler,
169.7 ulL DI water, and 100 uL. of sample 1nto an ultraviolet
(UV)-transparent 96 well plate. Samples were mixed, 1ncu-
bated at room temperature, and read on microplate reader
(Tecan Safire2™) at 412 nm.

Chelation Characterization

Qualitative Chelation: The samples were prepared using 4
mg of either HA or BAL-HA dissolved 1n 3 mL DI water.
Each sample was spiked with either 1 mL DI water or 1 mM
stock solutions of CoCl,.6H,O (VWR Life Sciences, Rad-
nor, Pa., USA), Ni1CL,.6H,O (Alfa Aesar, Ward Hill, Mass.,
USA), CrCl;.6H,O (Alfa Aesar, Ward Hill, Mass., USA),
and CrO, (Alfa Aesar, Ward Hill, Mass., USA) and imaged
immediately. Samples were dialyzed against DI water for 5
days (dialysis water was changed once a day) and removed
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for imaging. Then, samples were frozen to —80° C., lyo-
philized to dryness, and 1maged.

Cobalt Absorption Titration: A 1 mg/mlL solution of
BAL-HA was prepared (481.9 mg 1n DI water) and titrated
at room temperature and constant stirring with 100 mM
CoCl,.6H,O. Aliquots were analyzed after each 200 L
addition of cobalt via absorbance spectroscopy from 300-
800 nm.

Cell Culture and Bioassays

Cell Culture: NIH-3T3 murine fibroblasts were cultured
in Dulbecco’s modified Eagle Medium (DMEM) containing
4500 mg L~ D-glucose, 584 mg L' L-glutamine, and 100
mg L7 sodium pyruvate (#11995040, ThermoFisher Scien-
tific), supplemented with newborn calf serum (#16010159,
ThermoFisher Scientific) at 10% v/v, and penicillin-strep-
tomycin (#15140122, ThermoFisher Scientific) diluted to
100 U mL~". RAW 264.7 murine macrophages were cul-
tured 1n the same DMEM with penicillin-streptomycin but
with fetal bovine serum (#26140079, ThermoFisher Scien-
tific). Cells were maintained at 37° C. 1n a humidified, 5%
CO, atmosphere. For all experiments, NIH-3T3 fibroblasts
were seeded at 3x10% cells cm™ and RAW 264.7 macro-
phages were seeded at 2x10* cells cm™>.

Cellular Vitality: For vitality analysis, cells were cultured
in 96-well plates, and when time for vitality analysis, the cell
media was aspirated. The cells were washed with phosphate
buflered saline (PBS). The cells were exposed to the staining
solution for 15 minutes belfore fluorometric analysis. Cellu-
lar enumeration was performed by exposing cells to 20 uM
of the cell-permeable Hoechst 33342 (#62249, Ther-
moFisher Scientific) that labels all cellular nuclel. Cellular
metabolism was quantified by exposing cells to 5 uM of
Calcein AM (PromoCell, Inc. #CA’707-80011-2, VWR) that
becomes fluorescent upon 1ntracellular esterase conversion.
Late apoptotic and necrotic cells were labeled with 2.5 uM
of ethidium homodimer 1 (#1.3224, ThermoFisher Scien-
tific). Fluorescence intensity was quantified on a microplate
reader (Tecan Safire2™) with excitations of 350/20 nm.,
483/20 nm, and 528/20 nm and emissions of 461/20 nm,
525/20 nm, and 617/20 nm for Hoechst 33342, Calcein AM,
and ethidium homodimer-1, respectively. To confirm the
bulk measurements, fluorescence 1maging was performed
using an EVOS FL Auto Cell Imaging System (Ther-
moFisher Scientific), using the system’s automation to
acquire multiple fields of view per well and automatically
stitch them together into one large 1image.

Sub-cellular Compartment Imaging: Cells were cultured
on sterile #1.5 coverslips (22 mmx22 mm) 1n 35 mm dishes.
After 1 day of exposure to the experimental conditions, the

cells were exposed to 20 uM of Hoechst 33342 and 1 uM of
Mito'Tracker® Red CMXRos (#M7512, ThermoFisher Sci-
entific) for 30 min in cell culture media. The cells were
washed three times with PBS and then exposed to 0.2%
Triton X-100 for 5 minutes. The cells were washed three
more times 1 PBS and then exposed to 100 nM of Acti-
Stain™ 488 phalloidin (#PHDG1, Cytoskeleton, Inc.) for 1
hour. After three more washes with PBS, the coverslips were
mounted onto microscopy slides with mounting medium
(SouthernBiotech Fluoromount-G™, #0B100-01, Ther-
moFisher Scientific). Sub-cellular imaging was performed
on an EVOS FL Auto Cell Imaging System (ThermoFisher
Scientific) with a 100x, 1.4 numerical aperture, oil-immer-
s10n objective.

CoCl,.6H,0O Standard Curve: A 5 mg mL~" solution of
CoCl,.6H,O 1 water was sterilized by exposure to ultra-
violet light for 5 minutes and was then aseptically diluted to
200 ug mL~" with complete cell culture media. Then, a
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2-fold serial dilution using complete cell culture media was
performed until reachuing the last concentration of 0.781 ug
mL~". The cells’ medias were then aspirated and replaced as
indicated with these CoCl,.6H,0O-laden medias in technical
triplicates. The cells were cultured for 2 days and then
assayed for cytocompatibility.

In Vitro Chelation: Two types of experiments were per-
formed: perpetual and acute exposure to the chelator. For
perpetual exposure, cells were seeded 1 96-well plates,

incubated for 6 hours, and then exposed to 100 ug mL~" of
Co(Cl,.6H,O and varying concentrations of BAL-HA for 2
days followed by vitality analysis. For acute exposure, cells
were seeded 1n 96-well plates, incubated for 6 hours, and
then exposed to 100 ng mL.~" of CoCl,.6H,O for 18 hours.
Cobalt-laden medias were aspirated, and the cells were
exposed to DI water only, 1 mg mL~" BAL in DI water, or
1 mg mL.~" BAL-HA in DI water for 1 minute. The wells
were washed with PBS, fresh media was added, and the cells
were cultured another day betfore cytocompatibility analysis.

A number of embodiments have been described. Never-
theless, 1t will be understood that various modifications may
be made without departing from the spirit and scope of the
data processing system described herein. Accordingly, other
embodiments are within the scope of the following claims.

What 1s claimed 1s:

1. A compound, comprising a polysaccharide moiety
covalently coupled to one or more chelating agents com-
prising British anti-Lewisite (BAL), wherein the polysac-
charide moiety comprises a glycosaminoglycan moiety, and
wherein the one or more chelating agents functionalize a
carboxylic acid functional group of the glycosaminoglycan
moiety to form a metal-chelating polymeric system that
removes metals from a flud.

2. The compound of claim 1, wherein the one or more
chelating agents are covalently bonded to the polysaccharide
moiety.

3. The compound of claim 1, wherein each of the one or
more chelating agents 1s independently a chelator of one or
more metals selected from the group consisting of As, Hg,

Au, Pb, Co, N1, Cr, T1, Ta, Cu, Fe, Mo, and Gd.
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4. The compound of claim 1, wherein each of the one or
more chelating agents 1s independently a chelator of one or
more metals selected from the group consisting of Co, Ni,
and Cr.

5. The compound of claim 1, wherein each of the one or
more chelating agents are the same.

6. The compound of claim 1, wherein the chelating agent
1s dimercaprol.

7. The compound of claim 1, wherein the glycosamino-
glycan moiety 1s selected from the group consisting of a
hyaluronic acid polymer and a sulfated glycosaminoglycan
moiety.

8. The compound of claim 1, wherein the glycosamino-
glycan moiety 1s a hyaluronic acid polymer.

9. The compound of claim 8, wherein the compound
comprises about 1:1 to about 1:3 chelator to repeat unit of
the hyaluronic acid polymer.

10. The compound of claim 8, wherein the compound
comprises about 1:1 chelator to repeat unit of the hyaluronic
acid polymer.

11. The compound of claim 1, wherein the glycosamino-
glycan moiety 1s a sulfated glycosaminoglycan moiety.

12. The compound of claim 11, wherein the glycosami-
noglycan moiety i1s chondroitin sulfate.

13. The compound of claim 12, wherein the compound
comprises about 1:1 to about 1:3 chelator to repeat unit of
the chondroitin sulfate.

14. The compound of claim 12, wherein the compound
comprises about 1:1 chelator to repeat unit of the chondroi-
tin sulfate.

15. The compound of claim 1 wherein the glycosamino-
glycan moiety 1s hyaluronic acid and the chelating agent 1s
dimercaprol.

16. A pharmaceutical composition, comprising the com-
pound of claim 1, and a pharmaceutically acceptable carrier.

17. The pharmaceutical composition of claim 16, wherein
the pharmaceutically acceptable carrier comprises water.

18. The pharmaceutical composition of claim 16, wherein
the composition 1s formulated as an injectable hydrogel.

19. The compound of claim 1, wherein a chelation efli-
ciency of the one or more chelating agents exceeds 10

micrograms of metal per milligram of the compound.
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